INTRODUCTION
============

Radical lymphadenectomy is expected to improve oncologic outcomes of patients with advanced rectosigmoid cancer \[[@B1]\]. High ligation of the inferior mesenteric artery (IMA) from the aorta is widely performed during laparoscopic rectosigmoid colon cancer surgery as it permits safe and easy execution of radical D3 lymphadenectomy \[[@B2]\].

Ligation of the IMA for low anterior resection may induce colonic hypoperfusion. Colon perfusion status is one of the most important factors for the determination of postoperative anastomotic complications, including leakage, stricture, or colon ischemia, which occurred in 10% of the patients \[[@B3]\]. To maintain favorable colon perfusion, low IMA ligation can be selected for preservation of the left colic artery (LCA) \[[@B4][@B5]\].

However, there are no standard mesenteric hemodynamic parameters that can be used to predict mesenteric hypoperfusion, which causes colon ischemia. Few studies on mesenteric hemodynamics have been reported. To date, the scope of clinical studies has been limited due to the difficulty in observing the colonic hypoperfusion status during surgery. Therefore, several different clinical studies have failed to reach a consensus for IMA ligation level and have reported contradictory results \[[@B5][@B6][@B7]\].

The ability to identify patients at risk of critical mesenteric hypoperfusion before IMA ligation would be very helpful for surgeons when determining the IMA ligation level. CT angiography can be used to evaluate vascular anatomical structures and arterial atherosclerotic changes that may be related to the disturbance of mesenteric perfusion \[[@B8]\]. The frequency of colonic ischemia was greater following aortic endovascular repair of aortic aneurysm than that following colorectal surgery \[[@B9]\]. Atherosclerotic cardiovascular disease and colonic ischemia have similar risk factors \[[@B10]\]. In aortic aneurysm patients, ischemic colitis was reported to occur when the IMA stump pressure was less than 40% of the systemic artery pressure. However, it is unclear whether arterial atherosclerotic change can predict critical mesenteric hypoperfusion in patients with rectosigmoid cancer.

Thus, we evaluated mesenteric artery properties on CT angiography and atherosclerotic risk assessment as predictors of hemodynamic change according to IMA ligation.

METHODS
=======

Patients
--------

This prospective study involved 46 patients who underwent laparoscopic anterior resection between August 2013 and July 2014. Patients were included if they were aged 40--79 years and had stages I--III rectosigmoid colon cancer. The exclusion criteria were emergency surgery, open conversion, abdominal aortic aneurysm, severe cardiopulmonary disease, and pregnancy. All patients were followed-up for at least 3 years postoperatively. This study was conducted with the approval of the Institutional Review Board (approval number: 05-2013-045) of the Pusan National University Yangsan Hospital. Written informed consent was obtained from all patients.

Atherosclerotic risk assessment
-------------------------------

Atherosclerotic risk assessment was performed using the Framingham 10-year general cardiovascular risk score system based on clinical characteristics of patients, including age, sex, smoking, hypertension, diabetes, systolic blood pressure (SBP), total cholesterol, and HDL \[[@B11]\]. The Framingham cardiovascular risk score system is widely used to predict the risk of cardiovascular disease. The revised risk score system improved the predictability of cardiovascular disease as well as cerebrovascular events, peripheral artery disease, and heart failure \[[@B11]\]. Therefore, this risk score system was applied as a clinical assessment tool for combined atherosclerotic risk factors. High atherosclerotic risk was defined as more than 20 points on the Framingham risk score system \[[@B12]\].

CT angiography
--------------

The CT scanners used were Somatom Definition AS+scanners (Siemens Medical Systems, Erlangen, Germany). Arterial and portal venous-phase dynamic CT images were obtained for all patients. For contrast enhancement, 100--120 mL of 300--370 mg/mL iopromide (Ultravist 300 or 370; Bayer Schering Pharma, Berlin, Germany) was administered intravenously at 3--4 mL/sec using an automatic power injector through an 18-gauge intravenous cubital line, followed by a 20-mL saline flush at the same flow rate. Imaging delays used for the arterial phase and portal venous phase were 15 and 25 seconds, respectively. These were counted after the descending aorta enhancement reached 100 Hounsfield units using a bolus-tracking method. The tube voltage was 120 kV and the maximum tube current was 400 mA, using an automated dose reduction system. Axial images and coronal multiplanar reconstruction images were reconstructed using a 3-mm slice thickness and maximum intensity projection views were created on a separate commercially available console system using 3-dimensional image.

The variations of IMA branches were assessed using the classification for IMA bifurcation patterns \[[@B13]\]. In type 1, the LCA first branched from the IMA trunk, regardless of the sigmoid artery (SA). In type 2, the LCA and SA branched from the common branch of the IMA trunk. In type 3, the LCA, SA, and superior rectal artery (SRA) branched at the same point in the common trunk of the IMA. In type 4, the LCA was absent ([Fig. 1](#F1){ref-type="fig"}). The vascular patency of the LCA was evaluated using conventional enhanced CT imaging 1 year after surgery.

We identified the presence of the intermesenteric artery including Arc of Riolan or accessary middle colic artery (MCA) between the LCA and MCA or superior mesenteric artery (SMA). The IMA length was measured from the origin to the first branch. Internal diameters of the mesenteric vessels (IMA, SMA, LCA, MCA, and intermesenteric artery) were measured at a position within 1 cm of the branching point in an image magnified 500 times in the axial view mode ([Fig. 1](#F1){ref-type="fig"}).

Atherosclerosis grades of the mesenteric arteries were scored according to the maximum calcification of the circumference in the axial cut surface of the artery \[[@B14]\]. Positive arterial calcification was defined as \>25%. All radiologic evaluations were performed by 2 radiologists who had no prior knowledge of the clinical information.

Hemodynamic evaluation
----------------------

Apical lymph node dissection around the IMA was performed for pathologic staging. Dissection was continued along the IMA to the first bifurcation point, and the branches of the IMA were identified. The SRA and SA were ligated while preserving the LCA ([Fig. 2A](#F2){ref-type="fig"}). Following rectal transection, the rectosigmoid colon was extracted through the transumbilical mini-laparotomy site. After determining the proximal resection margin of the colon, the remaining colonic mesentery was divided to leave a marginal artery ([Fig. 2B](#F2){ref-type="fig"}). A 24-gauge intravascular catheter (BD Angiocath Plus, BD Medical, Sandy, UT, USA) was cannulated into the mesenteric marginal artery and connected to a blood pressure (BP) transducer that was linked to the patient monitoring system (Intellivue MP80; Philips, Eindhoven, the Netherlands). The IMA was clamped using a laparoscopic atraumatic endo vessel clip (PL548S; Aesculap Inc., Tuttlingen, Germany) for high ligation. Hemodynamic changes of the mesenteric marginal artery were monitored before and after IMA clamping. SBP and diastolic BP (DBP) were measured in the mesenteric marginal artery according to IMA clamping, and the mean arterial pressure (MAP) was calculated using this following equation:

MAP = (SBP + 2 × DBP)/3.

Systemic MAP was also measured in the radial artery of the patient\'s wrist. Ischemic colitis was reported to occur when the mean IMA/systemic BP ratio was less than 0.4 in aortic aneurysm patients \[[@B15]\]. Anastomotic leakage was also reported with a MAP ratio less than 0.4 after left colon resection \[[@B16]\]. Thus, in this study, we adopted the MAP index as the measurable outcome of critical hemodynamic change. The MAP index was calculated by dividing the mesenteric marginal MAP into systemic MAP as follows: MAP index = marginal MAP/systemic MAP. A critically low MAP index was defined as a MAP index less than 0.4 after IMA clamping.

Statistical analysis
--------------------

A paired t-test was used to compare MAP before and after IMA clamping. An unpaired t-test was used to compare MAP between patients. Chi-square and Pearson correlation tests were used for categorical variables. Regression analysis was used to evaluate the correlations of the atherosclerotic risk score and IMA length with hemodynamic alteration. Multivariate analysis was performed with a logistic regression model using a backward step-wise approach. The covariance input criterion was less than 0.1 and the elimination criterion was less than 0.05. Statistical analysis was performed using IBM SPSS Statistics ver. 24.0 (IBM Co., Armonk, NY, USA) and P \< 0.05 was considered significant.

RESULTS
=======

The mean age of colorectal cancer patients was 62.0 years, and the male-to-female ratio was 1.9:1. The Framingham risk score was 13.4 points on average, which was calculated by combining various clinical factors related to atherosclerotic risk. A total of 14 patients (30.4%) had high atherosclerotic risk defined as a score of 20 points or more. Anastomotic leakage occurred in 3 patients (6.5%); however, ischemic colitis was not found. The mean number of retrieved apical IMA lymph nodes was 4.0 ± 3.5 (0--18), and metastatic apical lymph nodes were found in 2 patients ([Table 1](#T1){ref-type="table"}). Analysis of previous medical history revealed that 13 patients were treated for hypertension (28.3%), and 3 patients experienced ischemic heart disease (6.5%) including acute myocardial infarction and angina pectoris. However, no patients had chronic kidney disease.

CT angiographic findings revealed that IMA type I was the most common branching pattern ([Table 2](#T2){ref-type="table"}). The mean IMA length was 35.5 mm, which was significantly associated with the IMA branching pattern (P = 0.041). The IMA length of the type III branching pattern (28.8 ± 10.9 mm) was significantly shorter than that of the IMA type I (36.4 ± 10.3 mm) and type II (40.9 ± 11.4 mm). The intermesenteric artery was identified in 11 patients (23.9%). LCA patency rates were 97.8% and 95.7% at 6 and 12 months, respectively. The internal diameter ratio between the IMA and SMA was 0.59 ± 0.14 (0.30--0.89) and the internal diameter ratio between the LCA and IMA was 0.62 ± 0.15 (0.25--0.96). Atherosclerotic IMA calcification occurred in 11 patients (23.9%), and 5 of them (10.9%) also had SMA calcification.

The mesenteric marginal MAP was steadily reduced by IMA clamping in all patients. In 6 cases (13.5%), the marginal MAP was less than 40 mmHg before IMA clamping; however, such marginal MAP values were observed in 15 cases (32.6%) after IMA clamping. There were significant differences in marginal MAPs before and after IMA clamping (56.5 ± 13.4 mmHg vs. 46.6 ± 13.7 mmHg, P \< 0.001). The MAP indices were significantly different depending on the IMA clamping status (0.74 ± 0.15 vs. 0.61 ± 0.16 for before and after IMA clamping, P \< 0.001). All patients had preserved LCA and MAP indices higher than 0.4 before IMA clamping. In 6 cases (13.0%), a critically low MAP index of less than 0.4 was noted after IMA clamping, which could be considered the indicator of potential colonic hypoperfusion ([Fig. 3](#F3){ref-type="fig"}).

On the regression analysis, MAP indices showed a significant negative correlation with the atherosclerotic risk score (P = 0.004). As the atherosclerotic risk score increased, MAP indices decreased after IMA clamping ([Fig. 4](#F4){ref-type="fig"}). The MAP indices and IMA length also revealed a significant positive correlation (P = 0.019).

On the univariate analysis, a critically low MAP index was associated with high atherosclerotic risk (P = 0.039) and shorter IMA length (P = 0.041). The critically low MAP index was more frequent in patients with a history of ischemic heart disease; however, this was not statistically significant (33.3% vs. 11.6%, P = 0.280). The presence of IMA atherosclerotic calcification was not significantly associated with a low MAP index (P = 0.655). Multivariate analysis indicated that high atherosclerotic risk and IMA length were independent clinical predictors of critically low MAP index reflecting hypoperfusion status after IMA clamping ([Table 3](#T3){ref-type="table"}).

DISCUSSION
==========

IMA ligation remains a potential risk factor for hypoperfusion of the left-sided colon during rectosigmoid cancer surgery \[[@B6]\]. Following IMA ligation, colonic ischemia may occur, if the IMA stump pressure decreases to 40 mmHg or the mean IMA/systemic BP ratio was less than 0.4, which is considered the critical closing pressure during aortic aneurysm surgery \[[@B15]\]. A critically low MAP index of less than 40% of the systemic artery pressure was considered to present a high risk of colonic ischemia \[[@B15]\]. However, another study did not identify the significance of IMA index for predicting anastomotic leakage after left colon resection \[[@B16]\]. In another study, a marginal artery BP of 45 mmHg was also used as the cutoff value for insufficient colon perfusion \[[@B17]\].

To adjust the physiological differences of systemic BP in each patient, we adopted the MAP index: that is, the mesenteric marginal MAP was divided by the systemic MAP as the measurable outcome of critical hemodynamic change. In previous studies, the MAP ratio was calculated by measuring the IMA stump pressure \[[@B15][@B16]\]. In this study, the mesenteric BP was measured by preserving the marginal artery nearest to the colon segment for anastomosis. Therefore, since mesenteric marginal artery pressure is generally lower than the IMA stump pressure, the application of the same cutoff for MAP index (\<0.4) as in previous studies has the potential to overestimate the critical hypoperfusion.

In this study, most patients showed an immediate decrease of mesenteric BP within various deviations after IMA ligation. Fortunately, almost 90% of rectosigmoid cancer patients had mesenteric BP above the critical level after IMA ligation, but 13% of rectosigmoid cancer patients had a critically low MAP index after IMA ligation. This incidence of transient hypoperfusion after IMA ligation was similar to that of a previous study using laser Doppler assessment \[[@B18]\]. This could be related to the adaptive vasodilatation of the mesenteric circulation and considered a temporary change in most cases. Therefore, there is still controversy about the opinion that acute change in mesenteric perfusion could indicate the occurrence of anastomotic leakage. Nevertheless, continuous monitoring of mesenteric arterial flow restoration over several postoperative days is difficult in real practice, so to date, poor perfusion of mesenteric artery during surgery could be considered a potential risk factor for colonic ischemia.

A critically low MAP index was significantly correlated with the atherosclerotic risk score and IMA length on CT angiography in this series. Atherosclerosis is less likely to occur in small vessels, such as the mesenteric marginal artery \[[@B19]\]. Although there was no definite atherosclerotic change in the marginal artery on CT angiography, atherosclerotic degeneration-induced mesenteric microangiopathy could disturb the meticulous vascular accommodation of colonic mesentery following IMA ligation \[[@B20]\]. Therefore, atherosclerotic microangiopathy could have a negative effect on the adaptation of the mesenteric collateral circulation after IMA clamping, especially in patients with a high atherosclerotic risk.

Interestingly, the shorter the IMA length, the lower the MAP index after IMA clamping. In recent studies, the LCA blood flow from the SMA through the accessory MCA was considered the predominant blood flow when the IMA was long, and the blood flow from the IMA to the LCA had more dominant collateral circulation when the IMA was short \[[@B21]\]. For patients with an accessory MCA, blood flow through the SMA may be more prevalent in the mesenteric circulation, thus leading to safer IMA ligation. However, in the absence of an accessory MCA or intermesenteric artery, the mesenteric blood flow leading to the LCA from the IMA appears to be more important in the maintenance of perfusion status of the left colon \[[@B22]\]. In this study, the IMA length was revealed as an independent predictor of critically low MAP index after IMA clamping. Therefore, if a shorter IMA is detected on preoperative CT angiography or in the intraoperative field, it is necessary to consider low ligation of IMA or confirm that backflow is well maintained when high ligation is performed on the root of the IMA.

Atherosclerotic calcification of the major mesenteric arteries was not associated with mesenteric marginal MAP reduction after IMA clamping. As atherosclerosis progresses slowly, adaptation to chronic ischemia may continue without clinical symptoms if the patient maintains adequate cardiovascular function. The mesenteric blood flow of the left colon could be maintained by the collateral circuit from the SMA through the intermesenteric artery or marginal artery of Drummond \[[@B23]\]. This prevents a sudden decrease in mesenteric marginal MAP after IMA clamping in patients with mesenteric artery calcifications \[[@B24]\]. An alternative explanation is that arterial wall calcification could occur predominantly in the media and that exophytic growth, especially in chronic kidney disease, could have failed to induce mesenteric arterial stenosis \[[@B25]\]. Conversely, noncalcified atheroma formation is predominantly detected in the intima and is likely to cause stenotic changes, which increases the arterial flow disturbance \[[@B25]\].

In recent studies, SMA calcification, cardiovascular disease, and chronic kidney disease have been identified as important predictive factors of small bowel vascular lesions \[[@B26]\]. In this study, the incidence of critically low MAP was higher in patients with concomitant cardiovascular diseases of hypertension and ischemic heart disease; however, no statistical differences were observed.

The absence of marginal arcade on splenic flexure was found in 5%--10% of the general population, which could be interpreted as sufficient mesenteric collateral circulation in the left colon \[[@B10]\]. Therefore, critically low MAP indices could be due to a number of causative factors, such as stenotic atherosclerosis of the major mesenteric arteries, atherosclerotic microangiopathy of the marginal artery, or insufficient mesenteric collateral circulation.

This study had several limitations. First, clear evidence on defining a safe hemodynamic range for the marginal artery that can maintain adequate mesenteric blood flow to prevent ischemic colitis is lacking \[[@B15][@B16][@B17]\]. In real practice of left colon resection, anastomosis is performed after complete mesenteric division from the IMA to the colonic transection line including the main vessel and the lymph node. Because previous studies considered that the marginal artery near the anastomotic colonic segment was expected to the best point that reflects the actual hypoperfusion state of the anastomotic colon segment, we measured the marginal artery pressure instead of the IMA stump pressure. Previous studies using IMA stump pressure and systemic artery pressure used 0.4 as a cut-off value for classification of MAP ratio. However, since marginal artery pressure has not been sufficiently studied, the previous criteria was adopted in the present study. However, because the marginal artery has smaller diameter than IMA, marginal artery pressure is generally lower than the IMA stump pressure. The cutoff value (\<0.4) of MAP index has the potential to overestimate the critical hypoperfusion state, which is the limit of MAP index in this study.

Second, it was relatively difficult to evaluate details of mesenteric vascular atherosclerotic change, such as noncalcified, stenotic atheroma, endophytic, or exophytic growth of mesenteric arterial atherosclerosis and marginal vascular arcades on the splenic flexure using conventional CT angiography \[[@B27][@B28]\]. Third, the blood flow is affected not only by pressure but also by resistance of the vessel, and the mesenteric BP may not consistently correlate with insufficient mesenteric perfusion \[[@B29]\]. Therefore, quantitative perfusion assessments could be considered in patients with high atherosclerotic risk or short IMA on CT angiography using intraoperative near-infrared fluorescence with indocyanine green \[[@B4][@B30]\]. Finally, this study included a small sample size and was performed at a single institution. Therefore, further large-scale multicenter trials are needed to verify our results.

In conclusion, atherosclerotic risk assessment and IMA length can be considered useful predictors of the mesenteric hypoperfusion status after IMA ligation during laparoscopic rectosigmoid colon surgery. Therefore, intraoperative colonic perfusion assessments should be considered, especially in patients with high atherosclerotic risk and short IMA detected on CT angiography.
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![CT angiography evaluation of mesenteric vascular properties. Inferior mesenteric artery (IMA) branching types; left colic artery (LCA) first (A), superior rectal artery (SRA) first (B), LCA, SRA, and sigmoidal artery branching simultaneously (C). (D) Internal diameter of IMA. (E) Intermesenteric artery. (F) Atherosclerotic calcification of IMA orifice.](astr-97-74-g001){#F1}

![(A) Lymph node dissection was continued along the inferior mesenteric artery (IMA) to first bifurcation point and the branches of the IMA were identified. The superior rectal artery (SRA) and sigmoid artery were ligated while preserving the left colic artery. (B) After the transection of proximal colon, the remaining colonic mesentery was divided to leave a marginal artery and a 24-gauge intravascular catheter was cannulated to measure mesenteric arterial blood pressure.](astr-97-74-g002){#F2}

![Hemodynamic changes in the marginal artery according to inferior mesenteric artery (IMA) clamping. (A) The mean arterial pressure (MAP) alterations of the marginal artery before and after IMA clamping. (B) MAP index changes after IMA clamping. (C) Critically low MAP index after clamping (\<0.4). (D) Histogram of MAP index after clamping.](astr-97-74-g003){#F3}

![Curve estimation regression graphs for critical hemodynamic alteration and predictive factors. (A) MAP index after clamping is significantly associated with the atherosclerotic risk score and (B) inferior mesenteric artery (IMA) length.](astr-97-74-g004){#F4}

###### Clinical characteristics of colorectal cancer patients (n = 46)

![](astr-97-74-i001)

Values are presented as mean ± standard deviation (range) or number (%).

ASA PS, American Society of Anesthesiologists physical status; IMA, inferior mesenteric artery.

###### CT angiography properties of the colon mesenteric vascular structures
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Values are presented as number (%) or mean ± standard deviation (range).

IMA, inferior mesenteric artery; SMA, superior mesenteric artery; LCA, left colic artery; MCA, middle colic artery.

###### Clinical factors associated with mesenteric artery calcification and critical hemodynamic alteration

![](astr-97-74-i003)

Values are presented as number (%) or mean ± standard deviation unless otherwise indicated.

OR, odds ratio; CI, confidence interval; MAP, mean arterial pressure; ASA PS, American Society of Anesthesiologists physical status; TC, total cholesterol; IMA, inferior mesenteric artery; SMA, superior mesenteric artery; LCA, left colic artery; MCA, middle colic artery.
